Bacillus cereus, a large, Gram-positive, spore-forming and motile bacillus, is widespread in the natural environment, and is found in most raw foods, particularly cereals such as rice. Enormous numbers of the organism may exist in contaminated food, leading to two types of food poisoning, both of which are characterized by diarrhea and emesis. The organism is also a common cause of post-traumatic ophthalmitis, pneumonitis, meningitis and bacteremia, all of which are conditions mandating rapid and aggressive management. Recently, based on an increasing number of immunocompromised hosts, due to conditions such as AIDS, malignant tumors and severe burns, this organism has been increasingly implicated in a variety of opportunistic infections.
The organism has long been notorious for its production of various hemolysins. This hemolysin production was, in part, explained by Sato et al. as follows 2, 3) : in order to obtain a supply of iron, B. cereus produces hemolysins to lyse erythrocytes and release hemoglobin, which then binds to the B. cereus cells. They also reported that B. cereus had no ability to produce siderophores, and thus was not able to utilize transferrin-bound iron as a source of iron for growth.
Although the human body is nutritious enough to support the growth of bacteria to some extent, it also maintains an iron-restricted environment. The human body's free iron measures only 10 Ϫ18 M, which is much less than the minimal iron concentration (0.4-4.0 mM) required by most bacteria to grow. Most iron in the human body is bound to iron-binding glycoproteins, including transferrin and lactoferrin, or is sequestered intracellularly. This low iron-availability is virtually considered to be an important nonspecific natural defense mechanism. Accordingly, in order for bacteria to grow and infect humans, they are first required to uptake iron effectively in such a sparse environment. Most bacteria have developed specific high-affinity iron-uptake systems (IUS) for just that purpose. These high-affinity IUS are considered to be important virulence factors. Of these high-affinity IUS, siderophore-mediated IUS are a basic and essential IUS in most bacteria, with the notable exceptions of the highly human-adaptive Haemophilus and Neisseria species. 4, 5) Bacillus species other than B. cereus are also known to be able to produce catechol-siderophores, and thus clearly possess siderophore-mediated IUS. 6, 7) In this study, we attempted to ascertain whether B. cereus is able to produce catechol-siderophores and utilize transferrin-bound iron, the main iron source encountered by this organism during human infections. We found that B. cereus exhibited the clear ability to produce catechol-siderophores and to utilize transferrin-bound iron as an iron source for growth.
MATERIALS AND METHODS
Bacterial Strain, Media and Reagents B. cereus strain KCCM11204 (ATCC 11778) was purchased from the Korean Culture Center for Microorganisms (Seoul, ROK; http://www.kccm.or.kr/). The bacterium was subcultured in Brain Heart Infusion (BHI, Difco) agar. MM9 medium, which had been recommended by other researchers for the detection of siderophores, 8, 9) was used without deferration in this study, as its iron concentration was already less than 1 mM. Five-tenths mg/ml amounts of human apotransferrin (AT; Ͻ30 mg of iron per 1 g of protein), partially iron-saturated transferrin (PT; 300-600 mg of iron per 1 g of protein), and holotransferrin (HT; 1200-1600 mg of iron per 1 g of protein) were added to the MM9 medium. Unless otherwise noted, all reagents were purchased from Sigma Chemical Co. (St. Louis, U.S.A).
Growth Condition and Growth Monitoring About 1ϫ10 6 cfu/ml of the bacterium, grown in BHI broth overnight, was inoculated into the MM9 media containing AT, PT or HT, and was cultured with vigorous shaking (220 rpm) at 37°C for 24 h. During culturing, culture aliquots were taken at appropriate intervals, and bacterial growth was monitored by measuring the optical density of these aliquots at a wavelength of 600 nm. Culture supernatants were obtained after centrifugation (10000 rpm, 5 min) of the culture aliquots obtained at the same intervals.
Measurement of Siderophores The total production of siderophores was measured by a chrome azurol S (CAS) agar diffusion assay, performed according to the method described by Shin et al. 10) In brief, a CAS agar was punched with a gel puncher, creating small holes. Each hole was filled with 150 ml of the culture supernatants, and then the CAS agar plate was incubated overnight at 37°C. The size of the yellow or orange haloes forming around the holes indicated total siderophore activity, regardless of the type of siderophores produced. To measure the production of catechol-siderophores, we performed an Arnow test. 11) In brief, 1 ml of the culture supernatants was mixed with the same volume of 0.5 N HCl, nitrite-molybdate reagent, 1 N NaOH, and deionized water, sequentially. Subsequently, optical densities were measured at a wavelength of 510 nm. The amount of catechol-siderophores was then calculated from a standard curve obtained using a series of diluted catechol solutions.
SDS-PAGE and Urea-Gel Electrophoresis In order to visualize the destruction of transferrin by bacterial proteases, equal volumes (20 ml) of the culture supernatants were mixed with sample buffer, and then heated at 100°C for 5 min. This sample was then electrophoresed on 5% stacking gel and 10% running gel at a constant 100 V for 2 h.
12) The removal of iron from the transferrin was observed by mixing equal volumes of culture supernatants with sample buffer containing 8 M urea, but no SDS or mercaptoethanol. The mixtures were then allowed to react at 37°C for 30 min, and electrophoresed on 5% stacking gel and 6% running gel, containing 6 M urea, at a constant 100 V for 2 h. 13) Proteins were visualized by staining with Coomassie blue. Transferrin was separated on 6 M urea-gel into four forms, according to the iron-saturation level of the transferrin: apoform (AP), C-terminal monoferric (MC), N-terminal monoferric (MN) and Diferric form (DF).
Measurement of the Growth-Stimulating Ability of the Siderophores The culture supernatants obtained from the 24-h-cultures in MM9 were ultrafiltrated, in order to obtain the crude fractions of the low-molecular-weight siderophores (Vivaspin, MWCO 10,000, Sartorius, Germany). Siderophore activity in the culture ultrafiltrate was verified by performing a CAS agar diffusion assay (data not shown) and an Arnow test (Fig. 3A) . To observe the growth-stimulating ability of the siderophores, about 1ϫ10 3 cfu/ml of the bacterium was spread onto the MM9 agar supplemented with 0.5 mg/ml of AT, PT or HT, or 1 mM of FeCl 3 . At that time, paper discs containing 30 ml of the culture ultrafiltrate and deferoxamine solution (100 mM) were placed on the surface of the agar, at which time the plates were incubated at 37°C for 24 h. The ultrafiltrate of the uninoculated MM9 broth was used as a negative control.
All experiments performed in this study were repeated three times, and representatives of each experiment are shown.
RESULTS AND DISCUSSION
Most bacteria capable of utilizing transferrin-bound iron grow better when high iron-saturated transferrin is supplied as an iron source, than when low iron-saturated transferrin is. 4, 5) Therefore, in order to observe the ability of B. cereus to utilize transferrin-bound iron, B. cereus was cultured in MM9 broth containing 0.5 mg/ml of either AT, PT or HT (Fig. 1A) . The degree to which B. cereus growth was stimulated was directly proportional to the iron-saturation level of the transferrin. No noticeable differences were observed between the MM9 broths containing PT and HT. The growth of B. cereus was observed, to some extent, even in the MM9 broth containing AT. This was different from the results recorded by Sato et al., 2, 3) in which B. cereus did not grow at all in RPMI containing an amount of AT identical to that used in our study. This might be because there were differences in the original iron concentrations of the RPMI broth and the MM9 broth.
If B. cereus is, in fact, able to utilize transferrin-bound iron as an iron source for growth, then we can assume that it employs one or two high-affinity IUS, namely: (1) siderophoremediated IUS and (2) transferrin receptor-mediated IUS. Of these high-affinity IUS, siderophore-mediated IUS is a basic and essential IUS in most bacteria, with the important exceptions of the highly human-adaptive Haemophilus and Neisseria species. 4, 5) Bacillus species other than B. cereus are also known to produce catechol-siderophores. 6, 7) However, transferrin receptor-mediated IUS plays an important role in the uptake of iron from transferrin in certain bacteria, such as Haemophilus and Neisseria species, which are unable to produce siderophores. 4, 5) In Gram-positive bacteria, only Staphylococcus aureus and S. epidermidis have been known to express a putative transferrin receptor on their cell walls, but the role of this receptor with regard to the uptake of iron from transferrin remains controversial. [14] [15] [16] During this study, B. cereus appeared not to possess or utilize a transferrin receptor-mediated IUS. If B. cereus had expressed transferrin receptor on its cell wall, and been able to bind to transferrin via the receptor, the tapering of the transferrin band would have been observed during culture. However, as shown in Fig. 2A , the tapering of the transferrin band was not observed at all during the 24 h of culture time.
In brief, the siderophore-mediated IUS is comprised of two factors: siderophores and the ATP-binding cassette (ABC) transporter for their uptake. 4, 5, 14) Both of these factors must be considered to demonstrate the presence of siderophore-mediated IUS in a bacterium. Therefore, in this study, to first demonstrate the production of siderophore(s) in B. cereus, we performed a CAS agar diffusion assay, 10) which is a universal functional assay for siderophores. This assay was performed using the culture supernatants obtained dur- ing the culture in the MM9 broths containing either AT, PT or HT. Weak but obvious siderophore activity was observed only in the culture supernatant from the MM9 which contained AT, and not in the culture supernatants from the MM9, which contained PT or HT. Similar results were observed when other laboratory B. cereus stains were used (data not shown). This indicated that B. cereus had the ability to produce a very small amount of siderophore(s), less than the threshold of detection of the CAS agar diffusion assay. Therefore, it was necessary to demonstrate B. cereus' siderophore production by more sensitive or specific assay methods. Because other bacillus species have been reported to produce catechol-siderophore(s), 6, 7) we attempted to demonstrate the production of catechol-siderophore(s) using the Arnow test, 11) a specific chemical assay for catecholsiderophore(s). B. cereus was able to produce catecholsiderophore(s), as seen in Fig. 1B , and other laboratory stock B. cereus strains also produced them (data not shown). Their production was inversely correlated with growth and the iron-saturation level of the transferrin. The greatest production of catechol-siderophore(s) was observed in the MM9 broth containing AT, in which the AT was bound to free iron, resulting in a condition of relatively lower iron-availability. Our results, then, confirmed that B. cereus was able to produce catechol-siderophore(s); this production was regulated by iron-availability, indicating the involvement of the ferric uptake repressor (Fur). The catechol-siderophore production from other Bacillus species than B. cereus has been well-established to be under the control of Fur. 17) Some bacterial proteases have been suggested to be involved in the uptake of iron from transferrin, via the destruction of transferrin. 19) Bacillus species also produces several proteases. 20) Therefore, in order to determine whether transferrin was destroyed by the proteases produced during culture, the culture supernatants were electrophoresed with SDS-PAGE (Fig. 2A) . The destruction of transferrin was observed, albeit to only a slight degree, only in the MM9 broths containing PT and HT, and only after bacterial growth had already reached a stationary phase. These results were somewhat different from those reported by Sato et al., 3) in which B. cereus was found to digest heme-protein complexes but not to digest transferrin or lactoferrin. In contrast, when 6 M urea-gel electrophoresis was performed using the same culture supernatants, in order to directly observe the removal of iron from transferrin (Fig. 2B) , this removal (up-shifting of transferrin bands on 6 M urea-gel) was initially observed 6 h after the culture, long before the destruction of the transferrin by the proteases, and consistent with the growth and production of catechol-siderophore(s). This indicated that B. cereus was able to utilize transferrin-bound iron with no assistance from its proteases. However, when compared with other bacteria, B. cereus removed iron from transferrin far less efficiently than Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa, which were able to completely remove iron from transferrin (data not shown).
Secondly, the presence of ABC transporter(s) for the uptake of iron-siderophore complexes was demonstrated in bioassays performed using the culture ultrafiltrate and deferoxamine (Fig. 3) . The growth of B. cereus on transferrinbound iron, as well as FeCl 3 , was stimulated only around the discs containing both the culture ultrafiltrate and deferoxamine. This indicated that B. cereus was able to utilize the iron- The culture supernatant obtained from the 24-h culture in the MM9 broth was ultrafiltrated, and then the catechol-siderophore activity of the culture ultrafiltrate was verified by Arnow test (A). About 1ϫ10 3 cfu/ml of B. cereus was spread on the MM9 agar with 0.5 mg/ml of apotransferrin (AT), partially iron-saturated transferrin (PT) or holotransferrin (HT), or 1 mM of FeCl 3 (FC), and then paper discs containing 30 ml of the ultrafiltrate of uninoculated broth (C), culture ultrafiltrate (S) and deferoxamine (D; 100 mM) were placed on the surface of agar. The plate was incubated at 37°C for 24 h. Of triplicate experiments, a representative is shown. siderophore complex as well as heterologous deferoxamine, a hydroxamate-siderophore, to uptake iron from transferrin. This versatility of B. cereus was similar to that observed in B. anthracis. 7) Considering that the siderophore-mediated IUS of B. anthracis played an important role in its in vivo growth and virulence characteristics, 18) this might also be true of the siderophore-mediated IUS of B. cereus.
In conclusion, we confirmed here that B. cereus is able to produce catechol-siderophore(s) and to utilize transferrinbound iron via siderophore-mediated IUS. Therefore, B. cereus appears to possess two distinct IUS schemes: siderophore-mediated IUS and heme receptor-mediated IUS. 2, 3) 
